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edu (O.-S. Kwon).Strategies of saccadic planning must take into account both the required level of accuracy of the saccades,
and the time and resources needed to plan and execute the movements. To determine relationships
between accuracy and time, we studied sequences of saccades made to scan a set of stationary targets
located at the corners of an imaginary square. Target separation and size varied. The time taken to com-
plete saccadic sequences increased with the required level of precision, in agreement with the classical
Fitts’s Law (1954) relationship. This was mainly due to the use of error-correcting secondary saccades,
whose frequency increased with target separation and decreased with target size. Increases in the time
spent ﬁxating near each target did not increase the accuracy of the next primary saccade in the sequence.
Instead, secondary saccades were the principal means of correcting landing errors of primary saccades.
The results are consistent with a scanning strategy that discourages careful planning of individual sac-
cades in favor of increasing the rate of saccadic production (i.e., exploration), using secondary saccades
as needed to correct saccadic landing errors.
 2010 Elsevier Ltd. All rights reserved.1. Introduction competing for attention. The present study investigates whether,Saccadic eyemovements play a crucial role in the performance of
natural visual tasks by bringing the line of sight to selected, task-rel-
evant objects or locations. Strategies of saccadic planningmust take
into account both the required level of accuracy of the saccades, as
well as the timeand resourcesneeded toplan and execute themove-
ments.An ideal strategywill bring the lineof sight to selected targets
without placing undue burden on the processing resources that are
needed for other visual or cognitive aspects of the task.
An important component of any saccadic strategy is the deci-
sion about how to trade-off the rates at which saccades are made
for their spatial accuracy. Prior studies of a variety of saccadic tasks
has revealed a preference for speed over accuracy, that is, a prefer-
ence to scan at a brisk rate even when this resulted in frequent or
large saccadic landing errors, which required correction by second-
ary saccades. This strategy was preferred to one of improving the
accuracy of primary saccades by scanning at a slower pace (Araujo,
Kowler, & Pavel, 2001; Cohen, Schnitzer, Gersch, Singh, & Kowler,
2007; Coëffé & O’Regan, 1987; Hooge & Erkelens, 1999; Viviani &
Swensson, 1982). Such preferences have been observed when sacc-
adic targets are presented among surrounding non-targetsll rights reserved.
Wu), oskwon@cvs.rochester.-and how, trade-offs between scanning rate and saccadic accuracy
apply to sequences of saccades in the absence of a difﬁcult selec-
tion requirement.
Options to trade-off scanning rate and accuracy might be ex-
pected to apply to saccades even in the absence of a difﬁcult selec-
tion requirement because trade-offs between speed and accuracy
are characteristic of rapid aimed movements. Trade-offs have been
shown to conform to the classical relationship known as Fitts’s Law
(Fitts, 1954). According to Fitts0s Law the time to complete a move-
ment aimed to a target will increase with both the movement dis-
tance and the required level of precision. Speciﬁcally:
MT ¼ Aþ B log2 ð2S=DÞ ð1Þ
where MT is movement time, S is the traveled distance, and D is the
diameter of the target in which the movement must land (A and B
are constants). The quantity log2(2S/D) is Fitts’s Index of Difﬁculty
(ID). Fitts’s Law has been found to hold for a variety of voluntary
aimed movements (for reviews, see Kwon, Zelaznik, Chiu, & Pizlo,
2010; Plamondon & Alimi, 1997; Wright & Meyer, 1983). In an
inﬂuential analysis of Fitts’s Law, Meyer, Abrams, Kornblum,
Wright, and Smith (1988) showed that behavior compatible with
Fitts’s Law can be explained by trade-offs between the time devoted
to a primary movement and the frequency of secondary
submovements.
Fitts’s Law has been found to apply to saccadic waveforms, with
increases in peak saccadic velocity (due to increases in amplitude)
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Meyer, & Kornblum, 1989; Al-Aidroos, Fischer, Adam, & Pratt,
2008; Harris & Wolpert, 1998). However, the relevance of Fitts’s
Law, and speed–accuracy trade-offs more generally, to the perfor-
mance of saccadic sequences has not been determined. Grosjean,
Shiffrar, and Knoblich (2007), for example, showed that Fitts’s
Law can apply to the perception of a sequence of arm movements,
but assumed on the basis of a preliminary report (Chi & Lin, 1997)
that Fitts’s Law would not apply to the sequences of saccades made
when viewing the movements.
The prior studies of Fitts’s Law did not consider the contribution
of latency, a decision that is appropriate for limb movements (Fitts
& Peterson, 1964; Klapp, 1975), but not necessarily for saccades.
Saccadic latency includes the time needed to carry out sensory pro-
cessing and decision-making (Carpenter & Williams, 1995; Palmer,
Huk, & Shadlen, 2005). Just as perceptual judgments of location be-
come more precise with increasing processing time (Pizlo, Rosen-
feld, & Epelboim, 1995), longer saccadic latencies may result in
better saccadic precision (i.e., reduced scatter of endpoints) and
better saccadic accuracy (smaller average error) (Kowler & Blaser,
1995; Lemij & Collewijn, 1989). Increases in latency have been
shown to improve saccadic accuracy and precision when targets
are surrounded by distractors (Cohen et al., 2007; Coëffé & O’Re-
gan, 1987; Ottes, Van Gisbergen, & Eggermont, 1985; Viviani &
Swensson, 1982), but the effects of increased latency on accuracy
and precision when targets are in isolation has not been deter-
mined. Jin and Reeves (2009), for example, showed that the saccad-
ic gap effect could not be explained by latency–accuracy trade-offs.
A recent study of saccades with implications for latency/accu-
racy relationships is Harwood, Madelain, Krauzlis, and Wallman
(2008), who discussed the issue in terms of spatial scale. In Har-
wood et al.’s experiments, subjects were instructed to make a sac-
cade to the center of stimulus (a rotating segmented ring) when it
stepped to an unpredictable location. Prior studies had shown that
latencies of saccades remain about the same across a large range of
target diameters (Kowler & Blaser, 1995) and target step sizes
(Frost & Poppel, 1976; Heywood & Churcher, 1980; Pratt, Dodd,
&Welsh, 2006; but see Dick, Ostendorf, Kraft, & Ploner, 2004), with
latencies increasing only when step size falls below about 1 (Kal-
esnykas & Hallett, 1994; Kowler & Anton, 1987; Wyman & Stein-
man, 1973). By contrast, Harwood et al. (2008) showed that
saccadic latencies were modulated by the ratio of the target step
size to target diameter, with latencies decreasing as the ratio of
step size to diameter increased. Interestingly, Harwood et al.’s re-
sults, in which smaller targets at larger eccentricities led to a de-
crease in saccadic latencies, is opposite to Fitts’s Law, if we
assume that Fitts’s Law applies to latencies as well as to movement
times.
The diverse pattern of results summarized above shows that
key relationships between saccadic latency and spatial accuracy,
and the implications of such relationships for the planning of sac-
cades during the performance of visual tasks, are unresolved.
The goal of the present study is to create a more uniﬁed ap-
proach to understanding the relationship between saccadic la-
tency, accuracy and precision during the performance of saccadic
sequences, incorporating the roles of target size and eccentricity.
This work differs from many previous studies of saccadic planning
in a number of ways:
First, saccades were made to targets in ﬁxed, known locations.
This method minimizes uncertainty about target timing and loca-
tion that may affect the planning of saccades made to follow ran-
dom target step displacements. For example, greater uncertainty
about target location encourages a strategy of planning saccades
on the basis of the past history of target displacements, and not
just the displacement in the present trial (Kapoula, 1985; Kowler
& Blaser, 1995).Second, the present study focuses on sequences of saccades
(e.g., Gersch, Kowler, & Dosher, 2004; Gersch, Kowler, Schnitzer,
& Dosher, 2009; Hooge & Erkelens, 1996, 1998, 1999; Inhoff,
1986; Viviani & Swensson, 1982; Zingale & Kowler, 1987), rather
than a single saccade to one isolated target. Sequences are more
representative of natural visual tasks and may shed light on op-
tions and strategies for controlling scanning rate and spatial preci-
sion in relatively realistic situations.
Third, by examining performance of saccadic sequences, this
study considers multiple factors: the in-ﬂight time of the saccades,
the saccadic latency (i.e., the duration of the pauses between suc-
cessive saccades), and any secondary saccades that might occur
during intervals between successive saccades. The distinction be-
tween in-ﬂight time and pause duration is a major difference be-
tween saccadic eye movements and many other sequential motor
behaviors. In other motor behaviors, such as tapping or wrist rota-
tions, sensory feedback can be processed during the movement.
Thus, it could be assumed that there is no intermediate pause be-
tween the end of a primary submovement and the start of second-
ary submovement (Meyer et al., 1988; Saunders & Knill, 2005). For
saccadic eye movements, on the other hand, the movement is so
rapid that saccades cannot be reprogrammed on the basis of new
visual information once initiated (Chen-Harris, Joiner, Ethier, Zee,
& Shadmehr, 2008), thus the saccadic pause interval (latency) is
the main source of visual feedback, and should not be ignored in
a study of speed/accuracy relationships.
Fitts’s paradigm allows for the study of the effects of target size
and target eccentricity within the same sequential scanning task. It
is important to emphasize that our goal in investigating the appli-
cability of Fitts’s Law to sequence of saccades is not to attempt a
strict comparison with manual responses (which is problematic,
given the many differences between saccades and other aiming
movements, e.g., Stritzke, Trommershäuser, & Gegenfurtner,
2009), but rather to use Fitts’s paradigm as a launching pad for
understanding the role of latency/accuracy trade-offs in saccadic
planning.2. Experiment 1
2.1. Methods
2.1.1. Stimulus display
Stimuli were displayed on a Dell P793 CRT monitor (13  12;
viewing distance 115 cm, 1.46 pixels/min arcs; refresh rate 75 Hz,
non-interlaced).
There were nine different types of stimuli which were deﬁned
by different target separations and target diameters. Each stimulus
display contained four identical target circles, which were located
at the corners of an imaginary square. Circles were black, drawn on
a gray background set to 54 cd/m2. Target separation was deﬁned
as the distance between the centers of two adjacent circles. The
diameter of the target circles were set to one of four values (15,
45, 90 or 180 min arc), and separation was set to one of three val-
ues (64, 127 or 255 min arc). In order to avoid the superimposing
of targets (large targets and small separations), only nine combina-
tions of size and separation were tested (see Table 1). The experi-
mental condition on each trial was selected randomly from the
nine possible conditions.2.1.2. Procedure
Before each trial, one of the target circles, randomly selected,
was displayed on the screen (Fig. 1a, left). Subjects were instructed
to ﬁxate the circle and press a button to start the trial when ready.
After the button press, the other three target circles appeared
(Fig. 1a, right).
Table 1
Target separations (S) and target diameters (D)in Experiment 1.
S (min arc) D (min arc) ID = log2(2S/D)
64 15 3.09
45 1.51
127 15 4.08
45 2.50
90 1.50
255 15 5.09
45 3.50
90 2.50
180 1.50
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(either clockwise or counterclockwise). Directions were main-
tained throughout the experiment. They were instructed to begin
from the initial ﬁxation circle and to look at each target circle in se-
quence at a brisk, yet comfortable pace, that is, to scan as fast as
possible without skipping targets or feeling that the rate was high
enough to be uncomfortable. They were told to aim successive sac-
cades at each target and not to miss or skip any. They were not told
to aim at any particular location within a target. The stimulus re-
mained on the display for either 5 or 6 s depending on the subject.
These durations were determined in a preliminary session to be
sufﬁcient to allow subjects to complete at least two loops around
the four targets. Fig. 1b shows a sample eye trace, and Fig. 1c shows
all of the target sizes and separations with a representative set of
saccadic endpoints superimposed. The data in Fig. 1c were col-
lapsed across the four possible starting locations.
2.1.3. Subjects
Four subjects (LM, AW, JW and SLC) were tested, all with nor-
mal, uncorrected vision, and all naïve to the experimental design
and hypothesis.
2.1.4. Eye movement recording
Horizontal and vertical movements of the right eye were re-
corded using a Generation IV Double Purkinje Image Tracker
(Crane & Steele, 1978). The left eye was covered and the head
was stabilized with a dental biteboard. The tracker’s voltage output
was fed on-line through a low pass 100 Hz ﬁlter to a 12-bit analog
to digital converter (ADC). The ADC, controlled by a PC, sampled
the eye’s position every 2 ms. The digitized voltages were stored
for analysis. Tracker noise level was measured with an artiﬁcial
eye after the tracker had been adjusted so as to have the same ﬁrst
and fourth image reﬂections as the average subject’s eye. Filtering
and sampling rate were the same as those used in the experiment.
Noise level, expressed as a standard deviation of position samples,
was 0.40 for horizontal and 0.70 for vertical positions. Recordings
were made with the tracker’s automatically movable optical stage
(auto-stage) and focus servo disabled during (but not between)
trials.
The beginning and ending positions of saccades were detected
off-line by means of a computer algorithm employing an accelera-
tion criterion (Gersch et al., 2004). Saccadic duration was the time
between detected onset and offset, including any ‘overshoots’ at
the end of saccades (Cornsweet & Crane, 1973; Steinman, Haddad,
Skavenski, & Wyman, 1973). Values of the criterion was deter-
mined empirically for individual observers by examining a large
sample of analog recordings of eye positions.
2.1.5. Data analysis
‘Loop duration’ was deﬁned as the time spent completing a loop
around the four targets. The ﬁrst saccade in the loop was deﬁned as
the ﬁrst initiated saccade after all targets appeared. The last sac-cade in the loop was deﬁned as the ﬁnal saccade returning back
to the initial target circles, including any secondary saccades fol-
lowing the large primary saccade between successive targets. Loop
duration extended from the beginning of the latency interval of the
ﬁrst saccade to the offset of the ﬁnal saccade in a loop. In the
majority of trials subjects completed two loops around the set of
four targets. The time of onset of the second loop was set to the
time of completion of the ﬁrst loop.
Most of the analyses to be described were based on individual
segments of a loop, that is, properties of the primary and secondary
saccades made to take the line of sight from one target to the next.
The primary saccade was the ﬁrst saccade from target (N) to the
next target (N + 1). Primary saccades were often followed by a sec-
ondary saccade (see Fig. 1b). The time between consecutive pri-
mary saccades was termed the ‘dwell time’, which was the time
spent looking near each target. Thus, dwell time includes any sec-
ondary saccades that may occur.
2.1.6. Numbers of trials tested and excluded
All subjects were tested 23–36 experimental sessions, where
sessions contained 50 trials each, leading to a total of 1150 trials
for LM, 1350 trials for AW, 1150 trials for JW and 1800 trials for
SLC. About four to ﬁve sessions were tested each day.
Loops could be discarded for a number of reasons: loss of track-
er lock (0.3% for LM, JW and SLC; 2.2% for AW), latency of initial
saccade <100 ms (0.3% for LM; 3% for AW; 7% for JW and 14% for
SLC), or failure to complete the loop or stay on the path (i.e.,
skipped a target or changed direction) (3% for LM; 1.6% for AW;
9% for JW; 13% for SLC). The data reported were based on a total
of 2226 loops for LM, 2516 for AW, 1928 for JW and 2602 for
SLC. Some of the analyses to be reported were based on individual
segments of a loop, where a segment is deﬁned as the primary sac-
cade made between successive targets. Each loop contained four
segments.
2.2. Results
We ﬁrst examine performance of the saccadic sequences to
determine whether it is consistent with the classical Fitts’s Law
relationship (see Section 1). Then, we will examine the effect of
saccadic duration, latency, and secondary saccades on perfor-
mance, focusing on the effects of both latency and secondary sac-
cades on spatial accuracy and precision.
2.2.1. Time to complete the saccadic sequence increased with Fitts’s
Index of Difﬁculty
Fitts’s Law states that the time to complete a movement in-
creases with the Index of Difﬁculty (ID) (Eq. (1)). Fig. 2 plots the
time per segment of a loop as a function of ID, where ‘‘time per seg-
ment” is deﬁned as the time to complete the loop around the tar-
gets divided by four, the number of targets in the loop. The results
show that, in agreement with Fitts’s Law, time/segment increased
with ID. There were differences among subjects in the magnitude
of the effects, with subject LM showing a very shallow slope.
Two aspects of the saccadic sequence, the duration of the large
primary saccade, and the time between successive primary sac-
cades, could have accounted for the effects of ID. Analyses showed
that each contributed in a different way.
The duration of the primary saccade increased with target sep-
aration and was not affected by target size (Fig. 3, top). This was
expected, given the well known dependence of saccadic duration
on amplitude (Collewijn, Erkelens, & Steinman, 1988).
Dwell time, which we deﬁne as the time spent looking at or
near each target between consecutive primary saccades, including
any secondary saccades that may have occurred, were longer for
smaller targets (Fig. 3, bottom). Effects of separation were more
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Fig. 1. (A) Sequence of frames in a trial. The ﬁrst frame contained the ﬁxation circle and the second frame the display of four targets. In the actual experiment, any of four
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change with target separation, depending on the subject. Decreases
in dwell time with separation (see subjects LM and SLC, Fig. 3, bot-
tom) canceled to some extent the increases in scanning time due to
effects of separation on the duration of the saccade (Fig. 3, top).
Dwell time, as we have deﬁned it (see above), included any sec-
ondary saccades that occurred between successive primary sac-
cades. Secondary saccades proved to have an important role in
performance, and will be described in detail below.2.2.2. Secondary saccades increased in frequency with the Index of
Difﬁculty
The frequency of secondary saccades was more consistently
related to ID, target separation, and target size, than either of
the two measures described above (saccadic duration or dwell
time). The frequency of secondary saccades was calculated as
the number of primary saccades followed by secondary saccades
divided by total number of primary saccades. (Dwells with more
than one secondary saccade were rare, less than 2% for JW, and
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2146 C.-C. Wu et al. / Vision Research 50 (2010) 2142–2157less than 0.05% for the other subjects.) Fig. 4 shows that second-
ary saccades became more frequent with increasing ID, with fre-
quency increasing as either target separation increased, or as
target size decreased. Except for LM (who rarely made secondary
saccades), secondary saccades occurred in about 5–10% of the
dwells for the easiest case (smallest separation; largest size)
and in about 40–50% of the dwells for the most difﬁcult case
(largest separation; smallest size). The majority (about 75%,
across subjects and conditions) of the secondary saccades were
corrective, meaning that they brought the line of sight closer
to target center.Secondary saccades prolonged dwell times. Fig. 5 shows that
adjusted dwell times, deﬁned as dwell times with the in-ﬂight time
of the secondary saccades subtracted, were only about 50–75 ms
longer for dwells with secondary saccades than for dwells without
secondary saccades. The increase due to secondary saccades is
about one-third to one-half of the typical saccadic latency.
Fig. 5 also shows that when adjusted dwell times with and
without secondary saccades were examined separately, both usu-
ally decreased with separation and neither showed consistent ef-
fects of target size. This means that the systematic increases in
dwell time with decreasing target size (Fig. 3) can be attributed
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Fig. 5. Mean adjusted dwell times for dwells that did (dashed line) and did not (solid line) contain secondary saccades as a function of target separation for different target
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secondary saccades (including both their latency and in-ﬂight
time), not to a more general tendency to pause longer before initi-
ating primary saccades to smaller targets.
Large target separations also led to more secondary saccades
(Fig. 4), but this did not result in an overall increase in dwell time
(Fig. 3), except for JW. For the remaining three subjects, the delay
due to the additional secondary saccades as target separation in-
creased was offset by the decrease in adjusted dwell time with
increasing separation (Fig. 5).
Why were secondary saccades needed? They were not needed
to correct for consistent saccadic undershoots because in our task
primary saccades did not consistently undershoot the targets(Fig. S1). The errors of primary saccades that required correction
were due to spatial imprecision, not to consistent undershoots.
This was conﬁrmed by showing that secondary saccades occurred
with about equal frequency following primary saccades that either
overshot or undershot the targets (Table S1). Secondary saccades
were also not prompted by increases in the velocity of primary sac-
cades (which also could lead to more variability of landing posi-
tions) because the average velocity of primary saccades was
about the same regardless of whether the primary saccade was fol-
lowed by a secondary saccade (Table S2).
Perhaps secondary saccades were needed because subjects
rushed, and made short-latency primary saccades that missed
the target, thus requiring secondary saccades in order to achieve
2148 C.-C. Wu et al. / Vision Research 50 (2010) 2142–2157better accuracy. Such a result would signal a trade-off between the
time devoted to planning primary saccades and the occurrence of
secondary saccades, analogous to the trade-offs Meyer et al.
(1988) observed for wrist rotations. To examine this possibility,
the latency of primary saccades was determined for four groups
of primary saccades, with the groups deﬁned according to the type
(primary or secondary) of both the prior and the subsequent sac-
cade. For this analysis the latency of the primary saccade was de-
ﬁned as the time from the offset of the immediately prior
saccade (primary or secondary) until the onset of the current pri-
mary saccade.
If short-latency primary saccades led to a higher proportion of
secondary saccades, then primary saccades that were followed by
secondary saccades should have shorter latencies than primary
saccades that were followed by another primary saccade. Fig. 6
shows that, contrary to this hypothesis, the latency of primary sac-
cades followed by a secondary saccade (denoted as pPs or sPs, open
bars, in Fig. 6) was the same as or slightly greater than the latency
of primary saccades followed by another primary saccade (pPp or
sPp, ﬁlled bars, Fig. 6).
One factor that did predict the occurrence of secondary sac-
cades was the spatial precision of the primary saccades. Fig. 7
shows that the average vector error of the primary saccade (de-
ﬁned as the 2D offset of the saccadic landing position relative to
target center) was larger for primary saccades followed by second-
ary saccades (pPs, sPs, open bars, Fig. 7) than for primaries fol-
lowed by another primary (sPp, pPp, ﬁlled bars, Fig. 7). The type
of prior saccade (primary or secondary) was not important, despite
the large differences in latencies as a function of the prior saccade
shown in Fig. 6.sPp sPs pPp pPs
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Fig. 6. Mean latency (±1 SE) of primary saccades that were preceded and followed by prim
preceded by secondary and followed by primary saccades (sPp), and preceded and follo
Subject LM did not have any saccades in the sPs category. Bars are ±1 SE.2.2.3. Within a given target size and separation, there was no
reduction in landing error with increased latencies or dwell times
One of the main motivations for this study was to determine
whether increases in time devoted to planning the primary sac-
cades improved their spatial accuracy. Before examining this issue
we need to consider how to best represent the time devoted to
planning the primary saccades. We considered two measures:
(1) Dwell time, deﬁned above as the time between successive
primary saccades, with ‘‘adjusted dwell time” equal to dwell
time minus the in-ﬂight time of any secondary saccades.
(2) The latency of the primary saccade, deﬁned above as the time
between the offset of the saccade preceding a primary sac-
cade (whether the preceding saccade is primary or second-
ary) and the onset of the primary saccade.
Using the second measure, the latency of the primary saccade,
as the index of saccadic planning time assumes the planning of a
primary saccades starts only after the prior saccade (primary or
secondary) is completed. We already saw, however, that this
assumption is questionable. Dwells with secondary saccades were
only about 50–75 ms longer than dwells without secondary sac-
cades (Fig. 5). Since this increase is much less than typical saccadic
latency, it implies there was a temporal overlap in the planning of
primary saccades and secondary saccades (McPeek, Skavenski, &
Nakayama, 2000; Ramakrishnan, Chokhandre, & Murthy, 2010).
For example, initiating the planning of the primary saccade to a
new target may not need to wait for the conclusion of any preced-
ing secondary saccade (which typically corrected landing errors
with respect to the current target), but rather could begin as soonsPp sPs pPp pPs
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the result in Fig. 6, which shows that the nature of the preceding
saccade had a large effect on latency. Latencies were about 100–
200 ms shorter when the prior saccade was a secondary saccade
than when the prior saccade was a primary saccade. This implies
that planning the primary saccade did not wait until the prior sec-
ondary saccade was completed. If it had, we would expect that the
latencies of primary saccades would be about the same regardless
of the type of prior saccade. For these reasons, the adjusted dwell
time (see deﬁnition above) may be a better index of the time taken
to plan the primary saccade.
Fig. 8 shows representative scatter plots that examine the rela-
tionships between each of these measures and the offset error of
the primary saccade. Fig. 8a shows the adjusted dwell time prior
to each primary saccade vs. the offset error of the primary saccade,
and Fig. 8b shows the latency of the primary saccade vs. the offset
error of the primary saccade. ‘‘Offset error” refers to the two-
dimensional offset error of the primary saccade, excluding the con-
tribution of any secondary saccades that might follow. Data are
shown for subject JW for the smallest target and largest separation.
The correlations (r) between either measure and offset error are
near zero. Correlations for all other target sizes, separations and
subjects showed similar patterns, with correlations ranging from
0.08 to 0.14. The adjusted dwell times shown in Fig. 8a exclude
the ﬂight time of any secondary saccades. The pattern of results
was the same when ﬂight time of secondary saccades was in-
cluded. Given that adjusted dwell time includes some of the plan-
ning time associated with any secondary saccades, we also
examined dwells without secondary saccades and found that re-
sults were the same, that is, correlations were low (range 0.07to 0.13). These results show that increasing the pause time prior
to the primary saccade did not improve its accuracy.2.2.4. Secondary saccades were corrective
The analyses described in the prior section show that increases
in the estimated time used to plan the primary saccades did not
succeed in bringing the line of sight closer to the target. Secondary
saccades, on the other hand, did. To verify the corrective role of the
secondary saccades, we analyzed the two-dimensional scatter of
landing positions for both initial saccades and ﬁnal landing posi-
tions, where ‘initial’ landing position refers to the landing position
of the primary saccade leaving from target (n) and heading to tar-
get (n + 1), and ‘ﬁnal’ landing position refers to the landing position
of the last saccade at target (n + 1). Thus, if there were secondary
saccades, the ﬁnal saccade would be the last secondary saccade.
On the other hand, if there were no secondary saccades, the ﬁnal
saccade would be the same as the initial saccade. (Instances of
more than one secondary saccade in a dwell were rare, see
Section 2.2.2).
Scatter was quantiﬁed by the bivariate contour ellipse area
(BCEA) (see Steinman, 1965; Vishwanath & Kowler, 2004, for other
examples), where
BCEA ¼ 2pkrHrV ð1 q2Þ1=2 ð2Þ
rH is the standard deviation of the horizontal offset error; rV is the
standard deviation of the vertical offset error, and q is the correla-
tion coefﬁcient between the horizontal and vertical offset errors.
The value of k was set to be 1.125, which corresponds to BCEA con-
taining 68% of the landing positions.
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Fig. 8. Representative scatter plots showing: (a) adjusted dwell time vs. offset error; (b) latency of primary saccades vs. offset error. Data are for subject JW, target separation
2550 and diameter 150 . Each scatter plot is based on 644 observations.
2150 C.-C. Wu et al. / Vision Research 50 (2010) 2142–2157Fig. 9 shows that scatter was smaller for ﬁnal saccades than for
initial saccades, showing that secondary saccades were corrective.
(Fig. S2 shows that same pattern of results when ﬁnal saccades
were restricted only to those cases where the ﬁnal saccade was a
secondary saccade.) Fig. 9 also shows that there were effects of tar-
get separation. It was expected that the scatter of initial landing
positions would increase with eccentricity due to either sensory
encoding or motor factors (Van Opstal & Van Gisbergen, 1989).
But it was surprising that secondary saccades became less effective
as target separation increased (as shown by the increase in the
scatter of ﬁnal landing positions with increasing separation in
Fig. 9). This result suggests that there was an adjustment in crite-
rion as to what constituted an acceptable landing location, with the
region of acceptable landing scaling up with target separation. This
scaling may represent a sacriﬁce of some level of accuracy to avoid
further prolonging the scanning time with additional corrective
saccades.
2.2.5. Offset error preceding secondary saccades
The results so far revealed a strong dependence on secondary
saccades for improving the accuracy of the landing location. How
far did the line of sight have to land from the target before a sec-
ondary saccade became likely? Harwood et al. (2008) considered
an analogous issue for primary saccades, and reported that the
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secondary saccades (solid line) as a function of target separation for the different targetdepended on the ratio of target step size to target diameter, with
smaller ratios leading to fewer saccades and to longer saccadic
latencies. The secondary saccades in the present experiment oc-
curred under conditions similar to many of the primary saccades
studied by Harwood et al. because in both situations the line of
sight was relatively near the center of the target before the saccade
occurred.
We found that our secondary saccades had similar properties as
the saccades reported by Harwood et al. (2008), in that both the
occurrence and the latency of the saccades could be predicted by
the ratio of error to target radius. In our case, ‘error’ refers, not to
the step size of a target displacement, but to the average offset er-
ror left behind by the primary saccade, where ‘offset error’ was de-
ﬁned as the distance of the line of sight to target center. Fig. 10
shows that secondary saccades were infrequent (<10%) for ratios
<1, i.e., cases where the line of sight landed within the target’s
boundary. The occurrence of secondary saccades increased as the
ratio of error to target radius increased. In addition, the latency
of secondary saccades generally decreased as the error/size ratio
increased (Fig. 11).
The pattern of results for secondary saccades are similar to
those of Harwood et al. (2008) for primary saccades. One interest-
ing new feature found for the secondary saccades was that once
the ratio of landing error to target radius exceeded 1, the probabil-
ity of making a secondary saccade also depended on the initial tar-100 150 200 250
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n) for initial (primary) saccades (dashed line) and the ﬁnal saccade following any
sizes. Each datum point is based on approximately 640–1150 observations.
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creased proportion of secondary saccades (Fig. 10). These effects
of separation show that ‘‘global” or contextual effects, namely, ini-
tial target separation, contributed to performance, and not just the
immediate retinal conditions.
2.2.6. Across all target sizes and separations, conditions with longer
dwell times were associated with less scatter of landing locations
Fig. 12 summarizes the overall relationship between adjusted
dwell time and the precision of saccades across all conditions. Each
plotting symbol shows average adjusted dwell time (dwell time
minus travel time of any secondary saccades) vs. the scatter of
the ﬁnal landing positions (bivariate area of ﬁnal saccadic landing
positions, from Fig. 9) for the different target sizes and separations.
Fig. 12 shows that conditions that encouraged longer dwell
times were associated with a smaller scatter of endpoints. For vari-
ations in target size, this relationship was due to the increased fre-
quency of error-correcting and time-consuming secondary
saccades with the smaller targets (Figs. 4 and 5). For variations in
target separation, the relationship between dwell time and scatter
reﬂected both the decreases in dwell time with increased target
separation (Fig. 5) as well as the greater tolerance for larger land-
ing errors as separation increased (Fig. 9).2.2.7. Summary
Fitts’s Law applied to sequences of saccades in that the time to
complete the sequences increased with Fitts’s Index of Difﬁculty
(ID) (Figs. 2 and 3). The effect was due mainly to the occurrence
of secondary saccades for smaller targets. The frequency of second-
ary saccades was the measure that correlated most closely with ID
(Fig. 4), and the occurrence of secondary saccades both corrected
the landing errors of the primary saccades (Fig. 9) and prolonged
the dwell times between successive primary saccades (Fig. 5).
There was no evidence that increasing the dwell time preceding
primary saccades, or increasing the latency of primary saccades,
within a given condition, improved the spatial accuracy or preci-
sion of the primary saccades (Fig. 8). The use of secondary sac-
cades, not increases in the time devoted to planning the primary
saccades, was the principal means of bringing the line of sight clo-
ser to targets (Fig. 9).
The results also showed a clear aversion to increasing the time
spent dwelling near each target. When the target separation in-
creased, subjects preferred to tolerate landing error – landing fur-
ther from the target – rather than prolonging dwell time bymaking
additional secondary saccades (Fig. 9).
Perhaps longer dwell times failed to reduce landing errors of
primary saccades because the range of observed dwell times was
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Table 2
Target separations (S) and target diameters (D) in Experiment 2.
S (min arc) D (min arc) ID = log2(2S/D)
64 15 3.09
128 15 4.09
45 2.51
256 15 5.09
45 3.51
90 2.51
512 15 6.09
45 4.51
90 3.51
180 2.51
2152 C.-C. Wu et al. / Vision Research 50 (2010) 2142–2157too small. In order to evaluate this possibility, a second experiment
was run in which a larger range of dwell times were encouraged by
instructing subject to adopt different paces of scanning.
3. Experiment 2
Experiment 2 used the same task as Experiment 1, but the
instructions were changed to elicit a wider range of scanning rates,
which might make it possible to observe relationships between
dwell time and accuracy that may not have been apparent for
the range of dwell times in Experiment 1. Three new subjects were
tested. As a preview, although the range of observed dwell times
was much larger, the pattern of results of Experiment 2 was quite
similar to those of Experiment 1.
3.1. Methods
3.1.1. Subjects
Three new subjects were tested (DW, JS and EN). All had normal
vision and no correction, and were naïve as to the experimental de-
sign and hypothesis.
3.1.2. Stimulus display and procedure
The stimuli were displayed on Viewsonic G90fb monitor. Move-
ments of the right eye were recorded by an Eyelink 1000 (SR Re-
search) tracker (tower mount) with head held by a chin and head
rest. Eyelink 1000 noise level exceeds slightly that of the SRI Dual
Purkinje Tracker used in Experiment 1 (see Collewijn & Kowler,
2008, Fig. 7). Viewing was monocular.
Stimuli were much the same as in Experiment 1. The diameter
of the target circles was set to one of four values (15, 45, 90 or
180 min arc), and the separation was set to one of four values
(64, 128, 256 or 512 min arc). For the comparability of Index of Dif-
ﬁculty across experiments, not all combinations of size and separa-
tion were tested. A total of 10 conditions were tested, as listed in
Table 2. The sequences of frames during trials were the same as
Experiment 1. Trial length was 6 s.
3.1.3. Instructions
Two types of sessions were run, denoted ‘‘fast” and ‘‘slow”. For
the initial experimental sessions, subjects were instructed to makesequences of saccades at a brisk yet comfortable pace (same
instruction as in Experiment 1). If they made saccades at rapid pace
(deﬁned as three or more loops around the four targets/trial), these
sessions would be deﬁned as the ‘‘fast” conditions. Subjects DW
and JS fell into this category, and in subsequent sessions they were
asked to scan at a slower pace (about 2–3 loops/trial). Subject EN
initially made about 2.5 loops/trial. This was deﬁned as his ‘‘slow”
pace, and in subsequent sessions he was asked to speed up (3.5–4
loops/trial). Fast and slow sessions were tested alternately.
3.1.4. Experimental sessions
Each experimental session contained 40 trials and subjects
were tested in 4–5 sessions/day. The experimental condition (tar-
get size and separation) on each trial was selected randomly from
the 10 possible conditions shown in Table 2.
3.2. Results
Time/segment in the slow condition was about 50% longer than
in the fast condition. Time/segment in the fast condition was com-
parable to that found in Experiment 1. Time/segment increased
with ID for both fast and slow conditions for subjects DW and JS.
For subject EN, time/segment was generally ﬂat across ID, particu-
larly in the slow condition (Fig. 13).
As in Experiment 1, secondary saccades became more frequent
as either target separation increased, or as target size decreased
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Fig. 13. Mean time per segment of a loop as a function of the Index of Difﬁculty (ID) in fast (solid line) and slow (dashed line) conditions for three subjects in Experiment 2.
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C.-C. Wu et al. / Vision Research 50 (2010) 2142–2157 2153(Fig. 14). There were more secondary saccades in the slow condi-
tion than in the fast condition, and many dwells in the slow condi-
tion contained more than one secondary saccade. Also, as in
Experiment 1, correlations between either the latency of the pri-
mary saccade, or the adjusted dwell time prior to a primary sac-
cade, and the landing error of the primary saccade, were low100 200 300 400 500
0
10
20
30
40
50
60
70
80
Separation  (min arc)
pe
rc
en
ta
ge
 s
ec
on
da
ry
 s
ac
ca
de Diam 15’
Diam 45’
Diam 90’
Diam 180’
100 200
0
10
20
30
40
50
60
70
80
Separatio
pe
rc
en
ta
ge
 s
ec
on
da
ry
 s
ac
ca
de
100 200 300 400 500
0
10
20
30
40
50
60
70
80
Separation  (min arc)
pe
rc
en
ta
ge
 s
ec
on
da
ry
 s
ac
ca
de
100 200
0
10
20
30
40
50
60
70
80
Separatio
pe
rc
en
ta
ge
 s
ec
on
da
ry
 s
ac
ca
de
EDW
secondary saccad
secondary saccad
Fig. 14. Frequency of secondary saccades as a function of target separation for the diffe
datum point is based on approximately 340–500 observations.(r = 0.13 to 0.19, except for subject JS in the slow condition, sep-
aration 640, diameter 150, where r = .31).
In order to investigate that whether prolonging the scanning
time improved saccadic precision, the two-dimensional scatter of
landing positions (BCEA, Eq. (2)) in the fast and slow conditions
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scatter in the slow condition. For initial saccades, most of data
points fell near the diagonal, showing that despite the large differ-
ence in dwell times across the fast and slow conditions (dwells
were 260–380 ms under the fast condition; 460–560 ms under
the slow condition), there was no reduction in the scatter of initial
saccadic landing positions. For the ﬁnal saccades, scatter was smal-
ler in the slow condition for DW and EN for the largest separation,
reﬂecting the contribution of the additional secondary saccades.
These results show that providing additional time to plan saccades
had no beneﬁt for the precision of the primary saccadic move-
ments, and little effect, beyond allowing time for more corrections,
on the ﬁnal movements. Thus, even when dwell times were greatly
prolonged, the extra time was not used to enable the primary sac-
cade to reach the target more accurately. The extra time did allow
for additional secondary saccades, which reduced landing errors
for the largest target separations.4. Discussion
4.1. Speed/accuracy trade-offs and saccades
Fitts’s Law represents a trade-off: achieving greater levels of
spatial precision of an aimed movement requires more time. The
present study found such a relationship between the time to com-
plete saccadic sequences and the spatial precision of the landingpositions: achieving greater levels of saccadic precision required
more time. This was not due to a connection between saccadic
latencies and saccadic precision. Instead, two other types of rela-
tionships between time and precision were observed. First, second-
ary saccades reduced landing offset errors at the cost of a modest
increase in the dwell time between successive primary saccades.
Second, the tolerance for landing errors increased (for large target
separations) in order to avoid prolonging scanning time with addi-
tional corrective saccades.
In general, improving the spatial precision of movements at the
expense of movement time can be achieved by applying a variety
of different strategies. For example, either: (1) reducing the vari-
ability of a movement by slowing movement speed; (2) taking
more time to plan the movement (longer latency), or (3) making
additional secondary submovements, could all lead to improved
spatial precision at the expense of time. Studies of aimed motor
behaviors (other than saccades) showed effects of the ﬁrst and
third strategy above, namely, slowing movement speed and mak-
ing additional submovements were both effective in improving
spatial precision (e.g., Meyer et al., 1988). For sequences of sac-
cades, however, only the third strategy listed above, making sec-
ondary submovements, emerged as the principal way of trading
off time in order to achieve the required level of precision. This re-
sult applies to the case studied here in which targets were pre-
sented without nearby and distracting non-targets. When non-
targets are present, an increase in planning time (latency) can im-
prove the ability to land on the selected target and avoid inﬂuence
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1987; Ottes et al., 1985) (although, as will be discussed below, this
is not necessarily the preferred option).
The conclusion that secondary saccades was the preferred way
to reduce saccadic landing errors was supported by the ﬁndings
that the latency or the dwell time preceding primary saccades
did not predict either the magnitude of the landing error of the pri-
mary saccades, or the occurrence of secondary saccades. Taking
more time to plan primary saccades did not improve accuracy.
We did not, however, ask subjects to try to make primary saccades
as accurately as possible, rather we asked them to look at each tar-
get, so we cannot rule out that additional time or effort would have
succeeded in improving the accuracy of the primary saccades had
such attempts been made. Nevertheless, we did ﬁnd that in no case
over the seven subjects tested across the two experiments, includ-
ing conditions in Experiment 2 where plenty of time was available,
was there evidence that increased dwell time or latency improved
the accuracy of primary saccades. The preferred option in all cases
was to improve accuracy of landing by means of secondary
saccades.
This strategy of relying on secondary saccades to clean up spa-
tial offset errors would be the only feasible option if either: (a) the
variability of the landing positions of primary saccades was limited
by spatial factors and could not be reduced by increasing latency or
applying more deliberate efforts, or (b) the time or effort involved
in improving the accuracy of any given primary saccade would
have been too great to warrant use of such a strategy. Although
either option could explain the results, the ﬁrst possibility seems
more likely because even when ample time was provided (Experi-
ment 2) the spatial precision of primary saccades did not improve.
4.2. Saccadic vs. perceptual localization
The ﬁnding that increasing the latency or the dwell time pre-
ceding primary saccades did not improve saccadic precision is
not consistent with ﬁndings from perceptual localization tasks,
where increased processing time improved the precision of percep-
tual judgments of target separation, even for processing times
comparable to those we observed for saccades (Pizlo et al., 1995).
The inconsistent results may be due to use of different streams
of visual information for saccades and for perceptual localization
(e.g., Burr, Morrone, & Ross, 2001; Goodale & Milner, 1992). Alter-
natively, perceptual localization involved judgments of the relative
spatial position of two targets, whereas for saccadic tasks, only the
location of a single target was relevant. It is also possible that the
latency/accuracy trade-offs found for perceptual localization tasks
could involve decision stages that may not be relevant to saccadic
planning.
4.3. Global and contextual factors affected saccadic planning
The probability of making secondary saccades depended on lo-
cal retinal conditions, speciﬁcally, the ratio between retinal error
and target size, with larger ratios producing more secondary sac-
cades and shorter secondary saccadic latencies. This result is anal-
ogous to Harwood et al.’s (2008) ﬁndings for primary saccades. In
addition to these local retinal effects, however, the frequency of
secondary saccades also increased with the initial target separa-
tion. That is, given the same ratio between retinal error and target
size, the larger the primary saccade, the more likely a secondary
saccade would occur. This increase in the frequency of secondary
saccades was not a consequence of consistent undershooting of
the primary saccades because we did not ﬁnd consistent under-
shooting in our sequential scanning task (Fig. S1). What else could
be responsible? The increase in the frequency of secondary sac-
cades at the larger separations could have been due to saccadicplanning mechanisms that began to prepare a secondary saccade
even before the error of the primary saccade was evaluated (e.g.,
Becker & Fuchs, 1969). This advanced preparation could reﬂect
the fact that the saccadic system might be able to predict the need
for a secondary saccade on the basis of internal knowledge that
landing variability increases with increasing saccades size (Van
Opstal & Van Gisbergen, 1989). Recent ﬁndings showing that the
programming of secondary saccades is not under voluntary control
are also consistent with the idea that a primary saccade and the
following secondary saccade are programmed as part of a single
package (Ramakrishnan et al., 2010).
Despite the increased frequency of secondary saccades with the
large target separations, the effectiveness of these saccades de-
creased as target separation increased. Speciﬁcally, the scatter of ﬁ-
nal landing positions (after secondary saccades) increased with
target separation. This effect of target separation was unexpected
because, presumably, subjects could have made additional second-
ary saccades to correct errors. This result implies that there was an
adjustment in criterion for what deﬁned an acceptable landing po-
sition, with the offset error criterion increasing for larger initial
separations. When target separation increased, subjects increased
the zone of acceptable landing locations, preferring instead to
accomplish the task faster, rather than with better accuracy.
4.4. Overlap of the planning of primary and secondary saccades
The prior section suggested that the preparation of a primary
saccade and the following secondary (corrective) saccade were
part of a single package. This does not mean, however, that the
preparation of a given primary saccade was forced to wait for com-
pletion of any prior secondary saccade. Preparation of the primary
saccade could begin at least as early as when the preceding pri-
mary saccade arrived at or near the target. This would mean there
would be overlap in the planning and execution of a secondary sac-
cade to target N with the planning of the primary saccade to target
N + 1 (Araujo et al., 2001; Becker & Jürgens, 1979; Caspi, Beutter, &
Eckstein, 2004; McPeek et al., 2000; Theeuwes, Kramer, Hahn, Ir-
win, & Zelinsky, 1999; Viviani & Swensson, 1982). This suggestion
that overlap in the planning of saccades contributed to the saccadic
sequences is supported by two pieces of evidence.
First, secondary saccades prolonged the dwell times between
successive primary saccades by an amount (50–75 ms) that was
not as long as the typical saccadic latency. These small increases
show that the planning of primary and secondary saccades was
not strictly serial. It was not strictly parallel (and independent)
either, or there would be no increase at all. It is more likely that
there was an overlap in the planning of primary and secondary
saccades.
Second, overlap in the planning of saccades to two different tar-
gets (secondary saccade to target N and primary saccade to N + 1)
is supported by a comparison of two latencies: (1) the time be-
tween a secondary saccade and the subsequent primary saccade,
and (2) the time between successive primary saccades in the ab-
sence of an intervening secondary saccade. If planning of the pri-
mary saccade to target N + 1 did not start until the secondary
saccade was completed, then these two latency intervals should
be similar. They were not. Dwell times containing no secondary
saccade were about 150–200 ms longer than the time between
the secondary saccade and the following primary saccade (Fig. 6).
This suggests that the planning of the primary saccade to target
N + 1 started before the completion of secondary saccades to target
N.
Overlap in the planning of the primary and secondary saccades
to different targets is an efﬁcient attribute of saccadic planning sys-
tems because it reduces the cost in time of having to correct land-
ing errors during performance of saccadic sequences. Overlapped
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references cited above). Our results suggest it may have wider
applicability during saccadic scanning.4.5. Implications for strategies of saccadic planning
A key component for understanding saccadic patterns in visual
tasks is to understand the processing that occurs during the inter-
vals between successive saccades. How much time is devoted to
planning saccades, in contrast to identifying or analyzing foveal
material? Our results, along with prior ﬁndings, suggest that a
combination of strategic choices, as well as attributes of the sacc-
adic system itself, act to minimize the time taken up by saccadic
planning, freeing both time and resources for foveal processing
or making longer-range behavioral decisions.
Insight into these strategies and attributes comes from both
present and prior results. For example, when saccadic targets are
surrounded by non-targets, the target is often reached more
quickly with two saccades – an initial saccade to the middle of
the entire conﬁguration followed by a subsequent correction –
rather than by a single saccade aimed directly to the target (Coëffé
& O’Regan, 1987). Visual search shows comparable patterns. Spe-
ciﬁcally, initial saccades in search tasks do not always take into ac-
count visual cues that signal where targets might be found. As a
result the initial saccade often heads to a useless location, to be fol-
lowed by a secondary corrective saccade, often with a very short
latency (Araujo et al., 2001; Caspi et al., 2004; Schnitzer & Kowler,
2006). Our present results are consistent with such a reliance on
corrective saccades, rather than careful planning of the primary
saccades. We found that the spatial precision of primary saccades
was not improved by increased available dwell time prior to the
primary saccade, leaving secondary saccades as the principal
means of correcting landing errors. In some cases, even when sec-
ondary saccades were used, saccadic accuracy was sacriﬁced in or-
der to maintain the pace of scanning.
These strategic choices outlined above show a bias toward mak-
ing more saccades, rather than planning saccades more carefully.
This strategy is facilitated by attributes of the saccadic system,
including the ability to plan saccades predictively on the basis of
global features of the display (e.g., target separation), and also
the ability to plan multiple saccades concurrently (Araujo et al.,
2001; Becker & Jürgens, 1979; McPeek et al., 2000; Viviani &
Swensson, 1982). These attributes facilitate production of correc-
tive saccades without devoting excessive time or cognitive effort.
This preference for multiple saccades and rapid scanning makes
saccades different from many other motor activities, where the
costs of moving to the wrong place, or the time taken up by correc-
tions, may be high enough to encourage more careful selection and
planning of primary movements (Meyer et al., 1988). People evi-
dently do not spend much time deliberating where to look, or pon-
dering how accurately to aim the saccade. Such efforts, as we have
shown, would not necessarily be successful (more time does not
ensure a more accurate landing position). In addition, producing
saccadic corrections for errors is easy. These characteristics are
the mark of a system designed to minimize planning and prepara-
tion time in favor of facilitating foveal explorations of multiple
locations.4.6. Future directions
These experiments were done with head movements restricted
by bitebars or chinrests. Our results showed that adjustments to
the accuracy of saccades made to scan a sequence of targets were
carried out mainly by modulating the use of time-consuming sec-
ondary saccades. We did not ﬁnd evidence for adjustments of thedwell times or latency intervals preceding primary saccades, nor
of the average velocities of the primary saccades.
Adjustments to the velocities of primary saccades may, how-
ever, prove to be more important during saccadic sequences when
the head is free to move. Head movements are unavoidable during
saccadic tasks unless head supports are used (Epelboim et al.,
1995), even when gaze shifts are relatively small (Kowler et al.,
1991). The extent of compensation for head movements by means
of counter-rotations of the eye varies over an enormous range, in
part as a response to task demands (Epelboim, 1998; Epelboim
et al., 1997; Snyder, Calton, Dickinson, & Lawrence, 2002), resulting
in a wider range of gaze-shift velocities, durations and landing er-
rors than found when the head is restrained. Whether such control
of gaze shift dynamics is used strategically in various natural tasks
to trade-off speed, accuracy, and the frequency of secondary sac-
cades is an open and interesting question.
4.7. Summary
We found that performance of saccadic sequences showed a
speed-accuracy trade-off in that conditions with higher difﬁculty
levels (larger target separations and smaller sizes) took more time
to perform. This result is in agreement with the predictions of Fit-
ts’s Law. The aspect of saccadic performance that was predicted
best by Fitts’s Index of Difﬁculty was the frequency of secondary
saccades.
A higher level of accuracy of the sequential saccadic eye move-
ments was achieved by use of secondary (corrective) saccades,
rather than by attempts to take more time in order to aim the pri-
mary saccades more carefully. Analysis of timing of the saccades
also showed that during the sequences, the planning of the second-
ary saccades and the next primary saccade could overlap. Due to
the overlap in the preparation of saccades, the increase of the time
between ﬁxations of consecutive targets due to adding secondary
saccades was relatively small compared to typical saccadic laten-
cies. Nevertheless, secondary saccades led to increases in the total
time required to complete the sequences because the overlap in
programming of primary and secondary saccades was not com-
plete. These results show that the partial parallel preparation of
primary and secondary saccades is the factor that is most respon-
sible for the speed–accuracy trade-offs during the performance of
saccadic sequences. Such effects would be difﬁcult to detect in con-
ventional single-target saccadic tasks, and support the implemen-
tation of scanning strategies that use available time for exploring
more locations, rather than for the careful aiming of primary
saccades.
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